Abstract. Lysyl oxidase (LOX) serves an important role in remodeling the extracellular matrix and angiogenesis in various types of cancer; however, whether LOX is involved in the pathogenesis of rheumatoid arthritis remains unknown. In order to investigate this in the present study, β-aminopropionitrile, an inhibitor of LOX, was injected intraperitoneally into rats with type II collagen-induced arthritis (CIA). Subsequently, synovial hyperplasia was examined by hematoxyl in and eosin staining, and the microvascular density (MVD) and expression levels of LOX, matrix metalloproteinase (MMP)-2 and MMP-9 in the synovial membrane and fluid were determined by immunohistochemistry and ELISA, respectively. The enzyme activity of LOX was evaluated by the Amplex Red Hydrogen Peroxide method. The results demonstrated an increased amount of rough synovial membranes, higher MVD in these membranes and more synovial cell layers in CIA rats compared with in the control rats. In addition, higher enzymatic activity of LOX and higher expression levels of MMP-2 and MMP-9 were revealed in CIA rats compared with in the control rats. Notably, β-aminopropionitrile inhibited paw swelling and the decreased the arthritis index, the MVD in the synovial membranes and the expression levels of MMP-2 and MMP-9. Furthermore, the expression level of LOX in the synovial membranes was positively associated with the MVD and the expression levels of MMP-2 and MMP-9, suggesting that LOX promotes synovial hyperplasia and angiogenesis and that LOX may be a potential therapeutic target for rheumatoid arthritis.
Introduction
Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by chronic, progressive and invasive arthrosynovitis (1) . RA affects 0.5-1% of the adult population (2) . Its pathological features include persistent synovitis, abnormal synovial hyperplasia, increased angiogenesis and pannus formation. RA gradually expands into the articular surface and articular cartilage to induce the progressive destruction of cartilage and bones, eventually resulting in joint deformity (3, 4) . There have been many recent and relevant studies on RA; however, its pathogenic mechanism has not yet been elucidated.
Lysyl oxidase (LOX), an extracellular copper-dependent amine oxidase, participates in the catalysis of cross-links between the lysine residues of collagen and elastin in the extracellular matrix, and is important in the initial stage of the conversion of soluble collagen and elastin monomers into insoluble fibers. LOX is involved in numerous cellular physiological and pathological processes including extracellular matrix formation, cell proliferation, chemotaxis, inflammation, angiogenesis and tumor formation (5) . Abnormal LOX expression is associated with the occurrence and development of various diseases. Decreased expression, decreased activity and a lack of LOX are associated with cutis laxa, emphysema and uterine prolapse (6, 7) , whereas increased LOX expression is associated with scleroderma (8) , cirrhosis (9, 10) and tumor metastasis (11, 12) . A previous study of the authors indicated that high concentrations of LOX are present in the synovial membrane and synovial fluid of patients with RA (13); however, the role of LOX in joint diseases associated with RA remains unclear.
The type II collagen-induced arthritis (CIA) model is currently the most commonly used animal model for RA studies, as it has immunological, pathological and arthritic presentations similar to those observed in RA in humans (14, 15) . In the present study, a rat CIA model was established and β-aminopropionitrile (BAPN) was used to inhibit LOX activity (16, 17) in order to observe synovial hyperplasia and angiogenesis, and to investigate the role and mechanism of LOX in arthritic diseases of rats. The present study aimed to provide theoretical bases for further studies investigating pathogenic mechanism underlying RA and novel targets for clinical treatment.
Lysyl oxidase is involved in synovial hyperplasia and angiogenesis in rats with collagen-induced arthritis FAN Establishment of the CIA model and drug administration. SD rats were randomly divided into a control group, model group and intervention group (n=10/group). For rats in the model group, 0.2 ml bovine collagen II (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) emulsified by complete Freund's adjuvant (Sigma-Aldrich; Merck KGaA) was intradermally injected into the back, tail and footpad; a booster was administered after 7 days using the same method, in the same locations, and at the same dose. The model establishment method for rats in the intervention group was the same as that in the model group; in addition, BAPN (Sigma-Aldrich; Merck KGaA) was intraperitoneally injected (100 mg/kg/days) for 40 days to inhibit LOX activity. Rats in the control group were injected with an equal volume of normal saline using the same method and at the same locations as in the model group.
Assessment of the arthritis index (AI).
From day 4 after the booster administration, the conditions and extent of joint redness and swelling were evaluated every 4 days using the AI scoring method of the left hind paw joint of each rat. This was determined using a 5-grade scoring method: 0, normal, without any macroscopic signs of arthritis; 1, mild redness and swelling of the toe joint; 2, moderate redness and swelling of the toe joint; 3, severe redness and swelling of the ankle; and 4, extreme severe redness, swelling and deformation of the ankle joint, including complete paw swelling and inability to bend the joint and walk (18, 19) . Rats with an AI score of ≥2 were selected for use in the subsequent experiments.
Evaluation of paw edema. The assessment of paw edema was performed one day prior to the first injection and once every 4 days following the booster injection. The left hind paw volume of each rat was determined using the drainage volume method, as follows. A line was drawn as a marker at the salient section of the left hind paw ankle joint of each rat. A specific measuring cylinder was filled with water and the paw was inserted to allow the water surface to reach the marked level of the labeled ankle. A beaker was used to capture the volume of the water displaced, which determined the paw volume in ml. Each paw evaluation was repeated five times and the mean value was recorded.
Sample collection. At the end of experiment, rats were anesthetized with chloral hydrate (350 mg/kg; intraperitoneal) and sacrificed by cervical dislocation. Blood, synovial fluid and synovial membrane from the knee joint were collected. The collected blood samples were incubated at room temperature for 2 h and then centrifuged at 2,000 x g for 20 min to obtain the serum. The synovial fluids were centrifuged in order to obtain the supernatants. Serum and supernatant samples were divided into aliquots and frozen at -80˚C for subsequent use. Synovial membranes were washed with sterile normal saline, placed in a 0.5 ml tube, labeled and stored at -80˚C.
Hematoxylin and eosin (H&E) staining. Rat synovial membranes were fixed using 4% paraformaldehyde, dehydrated in graded alcohol, cleared with xylene, embedded in paraffin and sectioned. H&E staining was performed and hyperplasia of the synovial membrane was observed under a light microscope. For each membrane section, five areas were selected randomly and images were captured using a low-power lens (magnification, x100).
Inspection of microvascular density (MVD).
Synovial membrane sections were blocked in 10% fetal bovine serum at room temperature for 30 min and then incubated with rabbit anti-rat CD34 monoclonal antibodies (1:200 dilution, cat. no. ab81289; Abcam, Cambridge, MA, USA) at 4˚C overnight. Following washing, the membrane sections were processed with rabbit horseradish peroxidase (HRP)-polymer kit (cat. no. PV-6001; ZSGB-BIO, Beijing, China) at room temperature, developed using 3,3'-diaminobenzidine (DAB) for 4 min and mounted on slides. MVD was determined by evaluating the number of CD34-stained vessels in the membrane samples. In brief, the five hot spot areas with the highest numbers of microvessels were selected from each membrane section using a low-power lens (magnification, x100), and numbers of microvessels in each of these areas were determined using a high-power lens (magnification, x400). The mean microvessel number represented the MVD in the synovial membrane.
Immunohistochemical (IHC) analysis. Synovial membrane sections were blocked and then incubated with rabbit anti-rat LOX polyclonal antibodies (1:100 dilution; cat. no. ab31238; Abcam), rabbit anti-rat MMP-2 polyclonal antibodies (1:400 dilution; cat. no. ab37150; Abcam) or mouse anti-rat MMP-9 monoclonal antibodies (1:500 dilution; cat. no. ab38898; Abcam) at 4˚C overnight. Following washing, the membrane sections were processed with rabbit HRP-polymer kit (cat. no. PV-6001; ZSGB-BIO, Beijing, China), developed using DAB for 4 min, cleared and mounted on slides. Under a light microscope, five or more hot spots in each section were observed. Images were captured using DP controller software. Image-Pro Plus version 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA) was used for image analysis to determine the positively stained surface areas and the integrated optical densities (IODs) of captured images. The relative expression level was calculated using the average optical density (AOD): AOD = IOD/positive area.
ELISA. LOX, MMP-2 and MMP-9 concentrations in the synovial fluid and serum were detected using rat ELISA kits (cat nos. SEC580Ra, SEA100Ra and SEA553Ra), according to the manufacturer's instructions (Cloud-Clone Corp., Houston, TX, USA). Synovial fluid was diluted at 1:10, and serum was diluted at 1:5. The optical density values were used to calculate the concentrations of LOX, MMP-2 and MMP-9 in all of the samples. The concentration was multiplied by the dilution fold in order to obtain the actual concentration.
Amplex Red method. An Amplex Red reagent kit was purchased from Abcam (cat. no. ab112139; Cambridge, MA, USA) and used to evaluate LOX activities in the rat serum and synovial fluid. All experimental procedures were performed according to the manufacturer's protocol. Synovial fluid and serum were diluted at 1:5. The diluted serum and synovial fluid samples were divided into the experimental group and the parallel group. All wells in the parallel group were supplemented with 0.3 mM BAPN to inhibit the activity of LOX. Various concentrations of H 2 O 2 were used as the standards of oxidation in order to plot a standard curve and obtain the corresponding calculation formula. Finally, the oxidation activity value in the parallel group was subtracted from the oxidation activity value in the experimental group to determine the oxidation activity value of LOX in the samples. Fig. 1 ). The redness and swelling of the toe joint was markedly ameliorated following inhibition of LOX by BAPN. An AI score of ≥2 for each rat in the model and intervention group was considered to indicate successful model establishment.
Inhibiting LOX with BAPN attenuated the hind paw swelling in CIA rats. Prior to the first collagen injection (day 0), no significant hind paw swelling in any of the rats of the three experimental groups was observed (P>0.05). At day 4 following the collagen booster, significantly increased levels of hind paw swelling were observed in rats of the model and intervention groups compared with those in the control group (P<0.05), however, the paw swelling in rats of the intervention group was decreased on days 16, 20 and 24 compared with in the model group (P<0.05; Fig. 2 ).
Inhibiting LOX with BAPN decreased synovial hyperplasia in CIA rats. The synovial membrane surfaces of rats in the control group were smooth and synovial cells were arranged in a uniform manner as observed by light microscopy following H&E staining. Following a longer inflammation induction in the model and intervention groups, rough synovial tissue surfaces and thickening of synovial tissues were observed; the number of synovial cell layers increased and the layers exhibited a disorderly arrangement, as presented in Fig. 3 .
Inhibiting LOX with BAPN increases MVD in CIA rats.
CD34-positive staining, indicated by a yellow-brown color, was localized in the cytoplasm of vascular endothelial cells. CD34-positive cells surrounded a lumen-like structure, forming microvessels (Fig. 4) . The MVDs were 13.44±2.94 in the model group and 11.22±1.67 in the intervention group, and were higher compared with that in the control group (9.10±1.94; P<0.05). The MVD in the intervention group was lower compared with that in the model group (P<0.05).
Expressions levels of LOX, MMP-2 and MMP-9 in synovial membrane of rats.
The IHC results indicated that LOX expression in the rat synovial membrane was primarily distributed in the cytoplasm of synovial cells and the extracellular matrix (Fig. 5A ). MMP-2 and MMP-9 were also primarily distributed in the cytoplasm of synovial cells ( Fig. 5B and C) . The AODs of LOX, MMP-2 and MMP-9 in rat synovial membrane of the model group were higher compared with those in the control group and the intervention group (P<0.05), whereas the AODs of LOX, MMP-2 and MMP-9 in the intervention group were lower compared with those in the control group (P<0.05; Fig. 5D ).
Comparison of LOX, MMP-2 and MMP-9 expression levels in the synovial fluid and serum.
ELISA results demonstrated that the concentrations of LOX, MMP-2 and MMP-9 in the synovial fluid and serum of rats from the model group were significantly higher compared with those in the control and intervention groups (P<0.05). Concentrations of LOX, MMP-2 and MMP-9 in the control group were significantly higher compared with that in the intervention group (P<0.05; Table I ).
Comparison of LOX enzyme activity in the serum and synovial fluid.
The enzyme activity of LOX in the model group was significantly higher compared with that in the control and intervention groups (P<0.05), and the LOX activity in rats of the control group was higher compared with that in the intervention group (P<0.05; Table I ).
Correlation of LOX expression levels with MVD, MMP-2 and MMP-9 in the synovial membrane.
Pearson correlation analysis revealed that the expression level of LOX in the synovial membrane was positively correlated with MVD (r=0.253; P<0.05), MMP-2 (r=0.741; P<0.01) and MMP-9 (r=0.644; P<0.01). Table I . Comparison of the concentrations of LOX, MMP-2, MMP-9 and LOX enzyme activity in the synovial fluid and serum among three groups (n=10).
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Discussion
The pathogenic mechanism underlying RA is complicated. Genetic, environmental, and immunological factors affect its occurrence and development (20, 21) . Increasing evidence indicates that various immune cells (including T lymphocytes, B lymphocytes, and synovial fibroblasts), cytokines (including tumor necrosis factor-α and interleukin-6), and enzymes (MMPs) are involved in the mechanisms underlying RA (22, 23) . However, whether LOX affects RA, and the potential underlying mechanism of action of LOX remains unclear.
In the present study, CIA rats were selected as an experimental animal model. During the process of model establishment, rats in the model group and the intervention group exhibited hind paw redness and swelling from day 2 following the first injection. On day 24 following administration of the collagen booster, the hind paw and ankle joint swelling was most severe. At all evaluation time-points, the AI and joint swelling of rats in the model and intervention groups were significantly higher compared with those in rats of the control group; these findings are in accordance with the disease pattern of the type II collagen-induced CIA model. H&E staining of the synovial membrane demonstrated that rats in the model and intervention groups had rough and thickened synovial tissue surfaces and increased numbers of disordered synovial cell layers. In addition, the MVD in the synovial membrane was higher compared with that in the control group. These results confirmed that the model was successfully established.
LOX is an oxidase secreted by numerous types of cells and is a key enzyme involved in the cross-linking of collagen and elastin in extracellular matrix. LOX participates in the stabilization and remodeling of the extracellular matrix (24) . LOX has a 50 kDa zymogene form and a 32 kDa active form. The active form of LOX is secreted into the serum and bodily fluids. The results of the present study demonstrated that the concentrations of LOX in the synovial membrane, synovial fluid and serum of rats in the model group were significantly higher compared with those in the control group. The enzymatic activity of LOX in the synovial fluid and serum of the model group was higher compared with that in the control group; in addition, the concentration of LOX was positively correlated with the MVD in the synovial membranes. These results suggested that LOX may be involved in diseases of the joints and angiogenesis in rats of the model group.
BAPN is an irreversible inhibitor of LOX. Following LOX inhibition by BAPN in rats of the intervention group, the concentrations and activities of LOX in the serum, synovial fluid and synovial membrane were significantly decreased compared with those in the model and control groups. These results revealed that BAPN inhibited but did not completely suppress LOX in rats. In the present study, the AI, hind paw swelling, synovial hyperplasia and MVD of rats in the intervention group were lower compared with those in rats of the CIA model group. These results suggested that the suppression of LOX may reduce arthritic inflammation and angiogenesis in rats, and may attenuate and improve the pathological process of arthritis. In addition, the results revealed the involvement of LOX in diseases of the joint and angiogenesis in rats of the model group. This suggested that LOX inhibition may be a potential therapeutic target in such diseases.
The MMP family is a group of zinc-dependent endopeptidases that are present in the normal human body, degrade almost all extracellular matrixes, and are major regulators of tissue remodeling and extracellular matrix degradation (25, 26) . High expression levels of MMP-2 (also known as gelatinase A) and MMP-9 (also known as gelatinase B) promote the occurrence and development of RA (27, 28) . The expression levels of MMP-2 and MMP-9 are increased in the synovial membrane of patients with RA, which is a major causative factor of the degradation of extracellular matrix components, including collagen and proteoglycan, in the bones and cartilage of diseased joints (29) (30) (31) . The results of the present study also demonstrated that the expression levels of MMP-2 and MMP-9 in the serum, synovial fluid and synovial membrane of rats in the model group were significantly higher compared with those in the control group, indicating that MMP-2 and MMP-9 are involved in the development of arthritis in rats of the model group. However, following the inhibition of LOX activity by BAPN, the expression levels of MMP-2 and MMP-9 in the serum, synovial fluid and synovial tissues in rats of the intervention group decreased to levels lower than those in the model and control groups. Pearson's correlation analysis revealed that LOX expression level in synovial tissues was positively correlated with MMP-2 and MMP-9 expression levels, suggesting that the inhibition of LOX may downregulate the expression of MMP-2 and MMP-9. The functionality of LOX in the attenuation or improvement of diseases in rats of the intervention group may be mediate by this mechanism. However, the specific pathway of MMP-2 and MMP-9 downregulation by LOX remains unclear. The detailed mechanism underlying the action of LOX in CIA rats requires further study.
Currently, there is no cure for RA. Hyperplasia of the synovial membrane and angiogenesis serve important roles in the occurrence and delay of RA; therefore, targeting this pathological basis in further investigation of potential therapeutic targets is expected to provide novel approaches for RA treatment (32) . The results of the present study suggested that the inhibition of LOX may attenuate synovial hyperplasia and angiogenesis in type II collagen-induced CIA model rats and ameliorate the damage induced by MMP-2 and MMP-9.
In summary, the present study demonstrated high expressions levels of LOX in the synovial membranes, synovial fluid and serum of CIA rats. Inhibition of LOX attenuated inflammation, synovial hyperplasia, angiogenesis and expression of MMP-2 and MMP-9, indicating that LOX promotes synovial hyperplasia and angiogenesis in CIA rats. Therefore, LOX may be a potential target for the treatment of RA.
